Metal-responsive transcription factor-1 (MTF-1) is a zinc finger protein with a central role in heavy metal homeostasis/detoxification. MTF-1 binds to DNA sequence motifs known as metal response elements (MREs) with a core consensus TGCRCNC. Since MTF-1 is also involved in other stress responses, we tested whether it is able to recognize different types of DNA sequence motifs. To this end we selected MTF-1-binding oligonucleotides from a collection of random sequences. Since MTF-1 binds to known target sequences at relatively high zinc concentrations, oligonucleotide selection was performed in a mammalian cell nuclear extract both at high and low zinc concentrations. Irrespective of zinc concentration, we find a robust representation of MRE consensus sequences, however with specific features. Selection was most efficient at 100 mM zinc, yielding many oligonucleotides with two MRE motifs in divergent orientation of the sequence GTGTGCATCACTTTGCGCAC (core consensus underlined). Oligonucleotides selected without zinc supplement contain a single high-affinity MRE with an extended flanking sequence of consensus TTTTGCGCA-CGGCACTAAAT (core consensus underlined). This lowzinc MRE motif can bind MTF-1 and induce transcription in vivo, and is less dependent on zinc than the classical MREd motif from the mouse metallothionein-I promoter. At low zinc, we also found evidence for a negative role of nuclear factor-I (NF-I/CTF-I) in MTF-1-dependent transcription. Finally, a selection in the presence of cadmium yielded no specific binding site for MTF-1, strongly supporting the concept of an indirect activation of MTF-1 by cadmium within a living cell.
Introduction
Heavy metal homeostasis is controlled to a substantial part by MTF-1 (metal-responsive transcription factor-1)
These authors contributed equally to this work a (Westin et al., 1988; Radtke et al., 1993; Andrews, 2001; Giedroc et al., 2001a; Wang et al., 2004) . MTF-1 binds in a zinc-dependent manner to so-called metal response elements (MREs), short DNA sequences in the promoters of metallothionein genes and other target genes (Carter et al., 1984; Karin et al., 1984; Stuart et al., 1984; Searle and Palmiter, 1985; Searle et al., 1985a,b; Taplitz et al., 1987) . Targeted inactivation of MTF-1 has shown that it contributes to basal level metallothionein expression and is indispensable for the transcriptional induction by heavy metals Egli et al., 2003) . A MRE consists of a 7-bp TGCRCNC core motif followed by less well conserved GC-rich sequences of consensus GGCCC. Not all MREs are alike: the six MREs (a-f) upstream of the mouse metallothionein-I transcription unit show differences in their responsiveness to heavy metals (Stuart et al., 1984) , whereby MREd displays the highest affinity for MTF-1 and confers the strongest response to zinc and cadmium (for convenience, the designations zinc and cadmium are also used here to denote Zn 2q and Cd 2q , respectively). Some MREs in that promoter also contain overlapping/ adjacent binding sites for other transcription factors, including Sp1, USF1 and nuclear factor-I (CTF-I/NF-I). Recent studies have revealed a negative role of NF-I in MTF-1-mediated transcription (Majumder et al., 2001) .
Human MTF-1 (Brugnera et al., 1994) contains six zinc fingers of the C 2 H 2 type and three trans-activating domains, an acidic, a proline-rich and a serine/threoneine-rich one, each with distinct properties in transcriptional activation. Deletion experiments have shown that all of these domains are necessary for efficient metalinducible transcription (Radtke et al., 1995) . Another conspicuous feature of MTF-1, implicated in metal responsiveness, is a C-terminal cysteine cluster (Chen et al., 2004) . MTF-1 is also involved in the response to oxidative stress, hypoxia, and amino acid starvation, and is essential for mouse embryogenesis (Dalton et al., 1996 (Dalton et al., , 1997 Gü nes et al., 1998; Chang et al., 1999; Murphy et al., 1999; Adilakshmi and Laine, 2002) . In these latter conditions, MTF-1's mode of action may well differ from the known transcriptional activation via standard MRE sequences, which made us wonder whether there might be MTF-1 binding motifs other than the known MREs. To test this we have selected, from a very large pool of double stranded oligonucleotides with random sequences, binding sites for MTF-1. This so-called CASTing (c I yclic a I mplification and s I election of t I argets) method, also referred to as SELEX, yielded many oligonucleotides with consensus MRE sequences, the majority of them with high affinity to MTF-1, especially those selected without heavy metal addition. Unexpectedly, in the absence of zinc several strong consensus sequences After five selection rounds when a DNA band became detectable in gel electrophoresis, 44 plasmid-cloned oligos were sequenced. The upper panel shows the oligos containing two divergent metal response element (MRE) TGCRCNC motifs (indicated by arrows). In the lower panel representatives of the remaining oligos are shown. Their overall sequences differed from each other, but several of them are (GqT)-rich and harbor a GGGTG (sCACCC) box, or a GC box, which are preferential binding sites for transcription factors of the Sp/XKLF family (arrow). For simplicity, the constant flanking sequences are not indicated in the selected oligonucleotides.
for nuclear factor-I (NF-I) were also pulled out. Most likely, these NF-I sites were selected indirectly, via an MTF-1/ NF-I interaction. NF-I has been implicated before as a repressor of metallothionein gene transcription (Majumder et al., 2001) . Taken together, these findings suggest that MTF-1 prefers its known consensus sequence for DNA binding, that it can bind tightly to extended consensus sequences even at low zinc concentrations, and also that its activity can be positively or negatively modulated by interaction with other transcription factors.
Results

Search for MTF-1 binding sites by selection in the presence of zinc
To test whether MTF-1 might also bind specific DNA sequences other than the known MREs, a modified CASTing method (Wright and Funk, 1993) was employed to search for MTF-1 binding sites. Selection was mainly performed under two conditions, namely one with additional zinc in the binding reaction, and one without (see below). A third selection was done in the presence of cadmium.
A synthetic oligonucleotide pool containing 10 14 random 26-mer sequences flanked by BamHI and EcoRI sites were used as starting material. Nuclear extract from HEK293T cells transfected with human-MTF-1-VSV expression plasmid was used for in vitro binding selection in the presence of 100 mM Zn 2q . After repeated selection over five cycles, MTF-1-binding oligonucleotides were enriched to a point where they became detectable as a faint band in an electrophoretic mobility shift assay (EMSA). The entire preparation of oligonucleotides was plasmid-cloned and analyzed. Among 44 clones sequenced, two distinct groups with characteristic motifs emerged. The first group of 13 sequences, termed the MREz series, contained a characteristic arrangement of two closely spaced, divergent consensus MREs, one of them with an extension of two T nucleotides at its 59 end (Figure 1 ). Alignment with MREs from the human MT-IIA and mouse MT-I promoters indicated that the strongest MREs from these two genes, MREd from mMT-I and MREa from hMT-II, indeed share flanking sequences with the new consensus. The distance between the divergent consensus motifs was 6 bp (7 oligos exemplified by the oligonucleotide MREz10) and 4 bp (6 oligos) (Figure 1 ). Thus we assume that MTF-1, in the presence of zinc, binds particularly strongly to the sequence GTGTGCA N4/N6 TGCGCAC and that these sequences were therefore preferentially amplified. The oligonucleotides of the second group of 13 sequences, termed the GTz series, were poorly related to the MREcontaining sequences and to each other, with a preponderance of GqT and candidate binding sites for zinc finger factors of the Sp/XKLF family (Figure 1 ).
Binding assays of MTF-1 to oligos selected in the presence of zinc
To test the selected sequences for their affinity to MTF-1, we performed an EMSA with nuclear extracts from 293T cells (human embryonic kidney cells expressing SV40 T antigen). The oligonucleotides corresponding to MREz10, 15, 16 and GTz6, 7, 8, 21 were synthesized and w 32 Px-labeled. All three MREz oligonucleotides containing two divergent MRE consensus sequences displayed strong binding to MTF-1, and the band could be supershifted by anti-MTF-1 antibody (Figure 2 ). Although one can assume that two molecules of MTF-1 simultaneously bind to this sequence in vivo, the major shifted band corresponds to a single MTF-1; this is probably due to the relatively low protein concentration in the binding reaction and the long electrophoresis time. From the second group of GTz oligonucleotides containing the GT-rich motifs, GTz6 and GTz21 were tested in EMSA, and both yielded the same pattern of bands as a GC-box oligonucleotide that binds Sp1 and other factors of the Sp/XKLF family, clearly distinct from the MTF-1/MRE-s complex (Figure 2 , and data not shown). These latter bands could not be competed by an excess of nonlabeled MREd and MRE-s, two previously characterized high affinity sites (Radtke et al., 1993) , but were eliminated by excess of unlabeled Sp1 binding site oligonucleotide (data not shown), again indicating that this second group of oligonucleotides might contain Sp/ Px-ATP. Besides the control (MRE-s), MREz10 and MREnA bind strongly to MTF-1. GTz6, also selected in the presence of zinc, produces a distinct band different from that of MRE sequences, compatible with binding of an Sp1 (Sp/XKLF) family member. NFnB, also selected in the absence of zinc, represents a consensus NF-I binding site and produces a fuzzy shift of multiple bands, which could not be competed by MRE-s.
XKLF-related binding sites. Indeed, GTz6 contains a perfect 'CACCC-box' motif (antistrand GGGGTGTGGC), which had been used by others before to clone the Sp1-related transcription factors Sp3 and Sp4 (Hagen et al., 1992) , and GTz21 contains a GC-box-like site for Sp1 factor binding. As expected, anti-Sp3 but not anti-MTF-1 antibodies could supershift the GTz6 and GTz21 bands (data not shown). The fact that the polyclonal anti-MTF-1 antibody did not supershift the GTz6 probe supported the notion that MTF-1 is unable to directly bind GTz6. Thus, the GGGTG/CACCC-box and GC-box motifs do not constitute new binding sites for MTF-1. The fact that these motifs were selected with the CASTing technique can be explained by a specific protein-protein interaction, whereby MTF-1 would bind directly or indirectly to a Sp/XKFL factor(s) which in turn binds to the oligo-DNA.
Transcriptional activation via MREz/GTz oligonucleotides
Next we investigated whether MTF-1 can activate transcription, directly or indirectly, from a promoter containing multiple MREz or GTz sites. Tandem copies of MREz10 or GTz6 were cloned into the OVEC reporter construct (Westin et al., 1987) . These reporters, designated 4=MREz10-OVEC and 3=GTz6-OVEC, were transfected into HepG2 hepatoma cells, along with expression vectors for MTF-1 or Sp1. RNA mapping revealed that 4=MREz10 had very strong promoter activity, even stronger than the well-characterized 4=MREd derived from the metallothionein-I promoter (Figure 3 , lanes 1-4 and 9-12). The basal transcript level was higher with 4=MREz10, thus the inducibility was only 3-fold versus 7-fold with 4=MREd ( Figure 3 , lanes 1 and 2 vs. 9 and 10). However, one should keep in mind that MREz10, unlike MREd, contains two binding sites for MTF-1, thus a '4=' promoter construct in fact contains 8 binding sites. Cotransfection of Sp1 did not affect the MREz10 promoter ( Figure 3 , lanes 9-12 and 13-16) but boosted activity of the MREd promoter, which contains a Sp1 site overlapping the MRE motif ( Figure 3 , lanes 1-4 and 5-8). In contrast to the above-mentioned constructs, 3=GTz6-OVEC was not zinc-inducible and completely unaffected by cotransfection of MTF-1. Not unexpectedly, there was a low but significant activation by Sp1 (Figure 3 , lanes 17-24).
Taken together, these data show that MTF-1 can bind to, and mediate strong zinc-responsive transcription from, the selected MREz10 oligo motif with divergent MRE consensus sequences. By contrast, the GGGTG/ CACCC motif of GTz6 that had been selected in parallel by CASTing failed to do so.
Selection in the absence of zinc
Although MTF-1 binding to MREs requires a high zinc concentration, zinc fingers in other proteins are not dependent on high zinc. For example, Sp1 binds to DNA at considerably lower zinc concentrations than does MTF-1 and ZAP1, a yeast zinc finger factor, only activates transcription at extremely low zinc concentration (Lyons et al., 2000) . For this and other reasons, we searched for alternative binding sites that would allow for MTF-1 binding under zinc depletion conditions.
The same materials and procedures as in the zinc selection experiments were used, except that the reaction was not supplemented with 100 mM zinc in the binding buffer and thus contained only traces of zinc. Under these conditions, 7 rounds of selection (versus 5 with zinc) were required to detect a band in EMSA. After plasmid cloning, DNA from the 60 colonies obtained was sequenced. Analysis with the MEME program (see materials and methods section) revealed three distinct types of sequences (Figure 4 ): the first group of 19 sequences contains a putative MRE consensus, flanked by an unknown motif, which is well conserved among all the 19 sequences (designated MREn oligonucleotides). The second group of seven sequences, designated the NFn series, contains a palindrome which perfectly conforms to the palindromic binding site of NF-I/CTF-I transcription factors (consensus: TTGGCN 5 GCCAA). The third group of only three sequences (Xn47, 52 and 60) contain inverted repeats of the sequence AACCGGTT, which itself is of palindromic nature. This latter sequence does not match well to the binding site for any known transcription factor; the closest similarity is to the binding site of Drosophila Krü ppel, a zinc finger factor (Sauer and Jä ckle, 1991) .
Binding of MTF-1 to the oligonucleotides selected in the absence of zinc
Heavy metal-induced transcription of metallothionein genes is primarily controlled via short DNA sequence motifs (MREs), containing the core sequence TGCRCNC that can confer metal inducibility to any reporter gene Reporter gene constructs containing 4=MREd (standard), 4=MREz10 or 3=GTz6 promoters were transfected into hepatoma HepG2 cells, together with a reference gene construct driven by the CMV promoter, with or without cotransfection of an expression vector for MTF-1 and/or Sp1. After metal induction of cells with 200 mM ZnCl 2 for 2 hours, total cytoplasmic RNA was extracted and subjected to S1 nuclease mapping. Note that the reference gene (CMV-REF) was driven by the cytomegalovirus (CMV) promoter containing strong proximal binding sites for Sp1. As a consequence, the reference gene, rather than the reporter, was consistently activated upon supplementation with extra Sp1 factor (lanes 5-8, 13-16, and 21-24) . In these lanes, other reference values were used for calibration (see materials and methods for details). The 3=GTz6 Sp1-binding promoter, like the NF-I promoter (4=NFnB; Figure 5 ) poorly activates transcription in this type of assay, in accordance with a similar finding of Seipel et al. (1992) . 'ct', correct mRNA terminus of the reporter gene; 'CMV-Ref', reference transcripts.
when placed in a promoter position or in a remote enhancer position (Serfling et al., 1985; Westin et al., 1988; Palmiter, 1994) . In order to obtain some information on the binding of MTF-1 to the oligonucleotides selected in the absence of zinc, and also to test if the presence or absence of zinc may influence the binding affinity of MTF-1 to these oligonucleotides, an EMSA was performed.
In a first approach, w 32 Px-labeled oligonucleotides MREn7, 32, 34, 37,39, 43 and 46 were tested with nuclear extract from 293T cells. Even in the absence of zinc, all sequences indicated above yielded a weak band with MTF-1, which could be supershifted by anti-MTF-1 antibody (data not shown). An EMSA was also performed with an oligonucleotide containing an optimized consensus MREn sequence, referred to as MREnA. A clear MTF-1-specific band was observed, which could be competed by excess of unlabeled MRE-s, a consensus MRE often used as a standard (Figure 2) . Furthermore, the complex could also be supershifted by anti-MTF-1 antibody. Less surprising, in the light of the selection conditions without added zinc, was the observation that the presence or absence of zinc hardly influenced the binding of MTF-1 to MREnA. This was in contrast to the previously characterized MREd from the mouse metallothionein-I gene, which preferentially binds MTF-1 at elevated zinc concentrations (Westin et al., 1988; Heuchel et al., 1994) . Similar binding results were also obtained using nuclear extract from 293T cells transfected with MTF-1 (data not shown). Based on these results we conclude that MTF-1 directly interacts with MREnA and that this interaction is not as dependent on elevated zinc concentrations as is the MTF-1/MREd interaction.
From the second group of oligonucleotides containing a putative NF-I/CTF-I binding site, NFn8, NFn56 and a synthetic sequence with an idealized NFI consensus, NFnB, were tested by EMSA. No binding to MTF-1 was observed, but they all showed a similar fuzzy band that migrated faster than MTF-1, and could be competed by unlabeled excess of NFnB but not MRE-s oligonucleotide (Figure 2 and data not shown). This extended bandshift is in agreement with the binding of several NF-I/CTF-I family members and their splice variants (Santoro et al., 1988) . These results, together with the ones from another group (Majumder et al., 2001) , indicate a functional link between MTF-1 and NF-I (see below).
From the minor group of oligonucleotides, Xn2 and Xn3 were tested in EMSA, and both showed a characteristic band migrating faster than the MTF-1/MRE-s complex. The band could not be competed by excess of cold MRE-s or Sp1 oligos, nor was it affected by anti-MTF-1 antibody (not shown). The nature of the protein binding to this type of oligo was not further investigated.
MREn oligonucleotides mediate MTF-1-dependent transcription with an elevated basal level in the absence of zinc
The next question concerned the biological activity of MTF-1 when bound to MREnA or NFnB, the two opti- Oligonucleotides selected by CASTing without addition of zinc. Selection was done with standard extract, i.e., without additional zinc. After seven selection rounds when a DNA band became detectable by gel electrophoresis, 60 plasmid-cloned oligonucleotides were sequenced which could be grouped into three classes. The first of them contains a largely extended MRE consensus (core underlined by arrow). The second class contains a perfect NF-I/CTF-I binding site (optimized consensus NFnB above, with the arrows indicating the entire palindromic sequence). The third class represented by three oligonucleotides is also of palindromic nature (arrows in the optimized Xn consensus drawn above). Unlike the oligonucleotides obtained in the presence of zinc, no two sequences are identical, indicating that they were selected independently. All sequences are shown without the constant flanking sequences. (q) and (y) strand sequences, all in 59™39 orientation, are aligned to maximize similarity. mized oligonucleotides. To test whether MTF-1 can activate transcription from a promoter containing multiple MREnA sites, HepG2 cells were transfected with the 4=MREnA-OVEC reporter plasmid and the levels of reporter gene transcripts were determined by S1 mapping. As a control, the same cell lines were also transfected with the standard reporter plasmid 4=MREd-OVEC. The results shown in Figure 5 revealed that MTF-1 not only binds to MREnA, but is also able to confer transcriptional activity. It is known that MTF-1-dependent gene activity can be stimulated by heavy metals like zinc, cadmium, copper, nickel and lead . For a test of zinc induction, the 4=MREnA and 4=MREd promoters were compared side-by-side. Again, as in the double-MTF-1 binding sites selected in zinc, basal promoter activity was higher with MREnA than with MREd, yielding a 7-fold versus a 3-fold induction, respectively ( Figure 5 , lanes 9 and 10 compared to 17 and 18 and data not shown). An MTF-1 dependent invitro transcription system yielded similar results, namely a higher basal activity but lower zinc response of MREnA (not shown). Cotransfection of an MTF-1 vector boosted expression from both the MREd and the MREnA promoters. However, again the 4=MREd promoter retained a better zinc-inducibility than the 4=MREnA promoter ( Figure 5 , lanes 11 and 12 compared to 19 and 20 and data not shown). We conclude that the MREnA motif can bind MTF-1 and induce transcription in vivo, and that it is less dependent on zinc than the classical MREd motif.
MTF-1 was unable to bind the NFnB oligonucleotide, and we also determined their possible relation by a transcription analysis. HepG2 cells were transfected with the 4=NFnB-OVEC reporter plasmid and the amounts of reporter gene transcripts were compared to those obtained from the standard 4=MREd-OVEC reporter. As expected, the latter showed a clear zinc induction, which could even be boosted in conjunction with MTF-1 overexpression ( Figure 5, lanes 9-12) . Consistent with the inability of MTF-1 to bind to NFnB, also no transcriptional activation could be observed. Even an overexpression of MTF-1 had no effect on the activation of the 4=NFnB promoter, suggesting that NFnB is not a sequence motif to which MTF-1 can bind and induce transcription ( Figure  5, lanes 25-28) . This raised the question why oligonucleotides of the NFnB type, harboring a perfect NF-I binding site, had been selected by the CASTing technique, and pointed to a possible interaction of MTF-1 with NF-I.
NF-I-mediated repression of MTF-1 activity is modulated by promoter context
The concept of an interaction between MTF-1 and NF-I/ CTF-I was consistent with previously published data from Samson T. Jacob and colleagues demonstrating that NF-I could quench MTF-1 activity in cell transfection assays (Majumder et al., 2001) . To get more insights into this inhibitory effect of NF-I, especially to see whether different MTF-1 binding site sequences might influence the extent of repression, we tested different reporter plasmids, namely, mMT-I-OVEC, 4=MREd-OVEC, 4=MREnA-OVEC and 4=NFnB-OVEC. Some transfections also included the expression vectors for NF-I and/ or MTF-1, and/or treatment of cells with zinc. In HepG2 cells, the addition of zinc led to an enhanced activity of the mouse metallothionein-I promoter, and coexpression of MTF-1 alone or in combination with extra zinc raised this level even higher ( Figure 5, lanes 1-4) . Upon coexpression of NF-I, basal mMT-I promoter activity was barely affected, whereas the zinc-induced one was reduced to 25% residual activity: when NF-I and MTF-1 expression plasmids were cotransfected in equal amounts, the inhibitory effect of NF-I was partially alleviated ( Figure 5, lanes 5-8) . In HepG2 cells, the 4=MREd promoter was more active than the metallothionein-I promoter. Overexpression of NF-I only reduced the zinc- Reporter gene constructs containing the promoters mMT-I (mouse metallothionein-I), 4=MREd (standard), 4=MREnA or 4=NFnB promoters (the latter two oligonucleotides selected by CASTing without zinc) were transfected into HepG2 cells, together with a reference gene construct driven by the CMV promoter, with or without cotransfection of an expression vector for MTF-1 and/or NF-I-C (nuclear factor-I-C/CAAT-box transcription factor-I-C). After metal induction of cells with 200 mM ZnCl 2 for 2 hours, total cytoplasmic RNA was extracted and subjected to S1 nuclease mapping (see the materials and methods section). Note that 4=MREnA, a high affinity MRE selected in the absence of zinc, yields a higher basal but lower metal-induced transcription than the standard 4=MREd promoter (lanes 9 and 10 vs. 17 and 18), and that NF-I inhibits transcription, especially from the metallothionein-I promoter (lanes 2-4 vs. 6-8) (see also Majumder et al., 2001) . 'ct', correct mRNA terminus of the reporter gene; 'u', unspecific band; 'CMVRef', reference transcripts. induced 4=MREd promoter activity by one third, and the extent of recovery upon coexpression of MTF-1 along with NF-I was also higher than observed for the mMT-I promoter ( Figure 5, lanes 13-16) . Qualitatively similar results were also obtained for the 4=MREnA promoter, although all expression levels were generally lower (Figure 5, lanes 21-24) . Thus it appears that, at least under our experimental conditions, NF-I repression works best on the natural metallothionein promoter and to a lesser extent on synthetic MRE promoters. The situation with the 4=NFnB promoter was quite different. In line with the results observed above, neither addition of zinc nor overexpression of MTF-1 could induce this promoter. Although the NFnB motif contains a strong NF-I consensus sequence, not even overexpression of NF-I showed any effect ( Figure 5, lanes 29-32) . NF-I, however, unlike MTF-1, does not contain any of the strong 'acidic' activation domains and thus can only be expected to activate transcription in conjunction with a strong enhancer sequence (Seipel et al., 1992) .
Selection in the presence of cadmium
Finally we also performed a CASTing in the presence of cadmium, which is a very strong inducer of metallothionein gene transcription in an MTF-1-dependent manner. It has been shown for Sp1 factor that different transition metal ions can modulate the DNA binding activity of zincfinger transcription factors (Thiesen and Bach, 1991) . Thus it seemed possible that cadmium would induce binding of MTF-1 to a new specific DNA sequence motif distinct from the MRE. However, at 5 and 7 rounds of selection that had before yielded many oligonucleotides in the presence and absence of zinc, respectively, there was still no oligo band detectable. Only after 8 selection rounds, 27 oligonucleotides could be cloned and sequenced. From a multitude of different sequences, none contained a conventional MRE consensus sequence, but two of them contained a palindromic NF-I binding site (NFc5, NFc21b), very similar to the one selected in the absence of zinc, suggesting that the MTF-1-NF-I interaction, unlike MTF-1 binding to MREs, is still possible in the presence of cadmium (data not shown).
Discussion
MTF-1 requires an elevated zinc concentration for optimal binding to metal-response elements (MREs) when tested in a competitive situation with other zinc binding molecules, including zinc binding proteins (Westin et al., 1988; Heuchel et al., 1994) . MREs are present in the promoters of mouse metallothionein-I and -II genes as well as the promoters/enhancers of other confirmed and putative target genes of MTF-1 (Calfon et al., 2001; ). These findings would suggest a straight-forward MTF-1/MRE cooperation. However, MTF-1-dependent gene activity is not only stimulated by heavy metals like zinc, cadmium, copper, nickel and lead but also affected by other stimuli such as hypoxia, H 2 O 2 and probably other stress condi-tions (Dalton et al., 1997; Murphy et al., 1999; Adilakshmi and Laine, 2002) , and there may well be a constitutive MTF-1 activity in certain promoter constellations. Therefore it seemed possible that MTF-1 would also bind to specific DNA motifs other than MREs. Furthermore, the core consensus TGCRCNC is not sufficient to ensure a tight binding of MTF-1 by itself; the sequences flanking the core consensus also contribute to MTF-1 binding. For example, within the mouse MT-I promoter, the six MREs (a-f) all conform to this core consensus but are by no means equivalent in mediating zinc responsive transcription (Stuart et al., 1984) . Similar differences were obtained upon testing individual MRE sequences of the human metallothionein-IIA gene promoter (Koizumi et al., 1999; Suzuki and Koizumi, 2000) .
The CASTing selection using zinc revealed a strong affinity of MTF-1 to the MRE-containing sequences, confirming that an extended TGCRCNC motif is indeed the best DNA site for MTF-1 in the presence of zinc. Seven sequences, exemplified by MREz10, contained two divergent MRE consensus sequences separated by 6 bp. Six of these were identical and one had different flanking sequences, indicating that it had been selected independently (Figure 1 ). The fact that this divergent MRE motif had been selected seven times, and another six times with a slightly shorter (4 bp) spacer between the MREs, suggests that it has a high affinity to MTF-1. In line with this, we found that a reporter gene with four tandem promoter copies of MREz10 showed high zinc-responsive activation in transient transfection assays; in HepG2 cells it even performed better than a 4=MREd promoter containing the very strong MREd derived from the mouse metallothionein-I promoter, whereby the latter was still yielding the best ratio of induced/uninduced transcription ( Figure 3 ). (However, each MREz10 contains two binding sites for MTF-1, thus a '4=' promoter/reporter gene contains 8 sites which might affect both basal and induced levels of transcription.) The pattern of two divergent MRE consensus sequences is also observed in nature, namely in the mouse metallothionein-I promoter where MREa and MREb are, however, separated by a 7 bp spacer, rather than the 4 bp or 6 bp spacers in the selected oligonucleotides.
The second type of motif selected in the presence of zinc comprised a collection of GT-rich (sCA-rich) motifs, at least some related to the binding sites for the Sp/XKLF (K I rü ppel-l I ike f I actors) family, transcription factors with affinity to both GC box and CA box motifs. Family members of the Sp/XKLF family share homology in their zinc finger regions, whose structure is similar to the Krü ppel transcription factor of Drosophila, and contain repression or activation domains. Accordingly, members like Sp3 and BKLF can function either as activators or repressors, depending on the cell specific context (Sjottem et al., 1997; Turner and Crossley, 1998; Sapetschnig et al., 2002) . Recent findings from another group reported a negative effect of Sp1 on MTF-1-mediated transactivation (Koizumi et al., 1999) . However, under the experimental conditions used here, cotransfected Sp1 did not affect the MREz10 promoter and stimulated expression from the 4=MREd promoter (which contains an overlapping Sp1 site). The latter finding is also in line with a constitutively high activity of a synthetic MREd promoter containing an improved Sp1 site (Stuart et al., 1984) . Therefore the most likely explanation for the selection of oligonucleotides with a GC-box and GGGTG (CACCC) motifs is a protein-protein interaction between MTF-1 and a member(s) of the Sp/XKLF family. The question which one of the candidate Sp/XKLF proteins might be interacting with MTF-1, in a positive or negative manner, remains to be elucidated. The results in Figure 3 suggest that Sp1 can indeed affect MTF-1-driven transcription when binding to DNA next to MTF-1.
The CASTing method also included a selection in standard buffer, i.e., without added zinc. The rationale was to search for alternative MTF-1 binding sequences as a means to detect hitherto unrecognized biological functions of MTF-1. However, after an extended selection (seven rounds vs. five with zinc) the predominant group of oligonucleotides again contained a conserved MRE core (underlined), in this case followed by a conserved flanking sequence motif, TTTTGCGCACGGCACTAAAT, clearly different from the ones selected in the presence of zinc (Figure 4 ). This motif, with a similarity to binding sites of homeodomain proteins such as Tailless and SIX3, might stabilize MTF-1 binding at low zinc concentration. A database search which also took into consideration less frequent nucleotides of the MREn collection shown in Figure 4 revealed a similarity of MRE plus flanking motif to a segment of the mouse metallothionein-II gene (59-CTTTTGCGCTCGACCCAATACTCTCC-39). This extended MRE sequence thus might have to ensure an appreciable level of basal transcription.
The second motif, selected seven times independently in the absence of zinc, was a classical palindromic NF-I binding site. Nuclear transcription factor-I (NF-I), also referred to as CCAAT-binding transcription factor (CTF) (Santoro et al., 1988; Mermod et al., 1989; Chaudhry et al., 1998 ) is represented by a family of four genes (NF-I-A, -B, -C, -X). NF-I proteins bind to DNA as both homodimers and heterodimers, all of which recognize the palindromic consensus binding site TTGGCN 5 GCCAA (Goyal et al., 1990; Kruse and Sippel, 1994) . Half-palindrome sites were also reported to mediate transcriptional activation (Gounari et al., 1990) . A consensus sequence of all the selected NF-I palindrome oligos, designated NFnB, failed to directly bind MTF-1 (data not shown), and a promoter containing 4 copies of NFnB was transcriptionally inert ( Figure 5 ). The question of course arose why this motif was selected at all if MTF-1 could not bind to it. As in the case of of the selection of GT-rich oligonucleotides in the presence of zinc, selection had been done in a nuclear protein extract, therefore a direct or indirect binding of MTF-1 to NF-I seems most plausible. Supporting and extending the concept of a negative role for NF-I in MTF-1-dependent metallothionein expression (Majumder et al., 2001) , transfection of an NF-I-C expression plasmid into HepG2 cells inhibited MTF-1-driven transcription from the metallothionein-I promoter ( Figure  5 ). Since no NF-I sites, but rather GT-rich motifs were selected as side-products in the presence of zinc, our results indicate that MTF-1 interacts, depending on the condition, with different types of transcription factors. This assumption is strongly supported by our recent find-ing that MTF-1 binds to, and regulates transcription in synergy with, the transcription factor NF-kB under hypoxic conditions (I. Nagy, O. Georgiev and W. Schaffner, unpublished results).
CASTing was also done in the presence of cadmium. This heavy metal is toxic for all organisms and in mammals is mostly sequestered to the kidney and liver, tightly bound to metallothioneins; in humans, for example, the half-life of accumulated cadmium is 15 years (Nordberg and Nordberg, 2000) . Cadmium binds to metallothioneins with much higher affinity than zinc (Vasá k and Kä gi, 1994) . Even MTF-1, which is essential for the cellular response to cadmium intoxication, has to be activated indirectly and loses its binding activity to MRE sequences upon direct exposure to cadmium (Bittel et al., 1998; Petering et al., 2000) . In agreement with an indirect activation, cadmium substitution for zinc does not induce the proper folding of the finger domain (Giedroc et al., 2001b) . The paradox that MTF-1 strongly induces metallothionein gene transcription in response to cadmium in vivo, yet is inactivated by cadmium in vitro, has recently been addressed in our laboratory. We developed a cellfree, MTF-1-dependent transcription system which accurately reproduces the activation of metallothionen gene promoters not only by zinc but also by the other inducers cadmium, copper, and hydrogen peroxide. We find that while transcription induction by zinc can readily be achieved by supplementing nuclear extracts with zinc alone, induction by the other inducers additionally requires the presence of zinc-saturated metallothionein. This is explained by the preferential binding of cadmium or copper to metallothionein or its oxidation by H 2 O 2 ; the concomitant release of zinc in turn leads to the activation of MTF-1 . Our findings presented here, that cadmium-treated MTF-1 is neither able to recognize an MRE motif nor any new type of consensus sequence, underscore the necessity to protect this essential transcription factor from a direct contact with toxic heavy metals.
Materials and methods
Selection for MTF-1 binding site using CASTing
CASTing (cyclic amplification and selection of targets) was performed according to Wright and Funk (1993) . Oligopool N26, containing 10 14 26mer random sequences flanked by EcoRI and BamHI restriction enzyme recognition sites, was used as starting material (for the synthesis, manual mixing of oligonucleotides and purification by PAGE was required to achieve a high yield of full-length oligonucleotides):
N26: 59-GGCTCAGCGAATTCCGTTGACC(N 26 )GGTCTACGGG ATCCGAGTGACC-39.
Eighty nmol N26 oligonucleotides were annealed to the 39 primer GGTCACTCGGATCCCGTAGACC. Double-stranded DNA was synthesized using Taq polymerase in a single cycle as follows: 958C for 4 min, 558C for 1 min, 688C for 20 min. For the CASTing, nuclear extract from three 10 cm petri dish HEK293T cells (a human embryonic kidney cell line expressing SV40 T antigen) transfected with pc-hMTF-1-VSV (5 mg/plate) was mixed with the dsN26 oligonucleotides, 10 ml poly dI/dC (1.7 mg/ml), 2= binding buffer (24 mM HEPES pH 7.9, 24% glycerol, 10 mM NaCl, 100 mM KCl, 10 mM MgCl 2 and 1.2 mM DTT). For zinc selection, ZnSO 4 was added to a final concentration of 100 mM; for Cd selection, CdSO 4 was added to a final concentration of 40 mM, and the binding mixture (total volume 500 ml) was incubated at room temperature for 1 hour. Protein-DNA complexes were immunoprecipitated first with 1.5 ml anti-VSV monoclonal antibody (sigmaV-5507), then with 2.5 ml rabbit antimouse IgG and finally pulled down with Sepharose protein A beads (Pharmacia, Uppsala, Sweden). Complexes were washed 10 times using 1 ml EBC buffer, and the final pellet was suspended in 30 ml extraction buffer (50 mM Tris/100 mM NaAc/ 5 mM EDTA/0.5% SDS) at 458C for 15 min. Supernatant containing the released oligonucleotides was precipitated and amplified by PCR using the primer pair No.3877/3879 (3877: 59-GGCTCAGCGAATTCCGTTGACC-39; 3879: 59-GGTCACTCGG ATCCCGTAGACC-39). PCR was performed for 5 min at 948C, followed by 17 cycles (1 min 948C, 1 min 558C, 1 min 728C) followed by 728C for 10 min. The PCR product was precipitated, dissolved in 100 ml buffer and used for the next round of binding selection.
The selection rounds were repeated until a weak band could be detected by EMSA. (However, in the cadmium selection there was still no unambiguous EMSA signal after 8 rounds, nevertheless the selected oligos were processed as described below.) The final round PCR product was digested with EcoRI and BamHI and cloned into pBluescriptSK. Colonies were picked, and inserts were sequenced using the T3 primer.
Analysis of selected oligos was performed using the program MEME http://meme.sdsc.edu/meme/website/. Motifs selected by MEME were further analyzed by EMSA assay.
The oligos selected for five cycles at high zinc were originally designated as the MREp oligonucleotide series but later, depending on their sequence, renamed and subdivided into two groups according to their sequence: the MREz oligos (e.g. MREz10), containing core MRE sequences, and the GTz oligonucleotides (e.g. GTz6), with GT-rich sequences. For the same reason mentioned above, also the oligos selected at low zinc (for seven cycles), first designated as the MREq oligo series, were renamed and subdivided into three groups: the MREnA oligonucleotides (with MRE), the NFnB oligonucleotides (with NF-I site) and the Xn oligonucleotides (with a novel sequence motif). Also the oligos of the MREr series, selected for 8 cycles in the presence of cadmium, were renamed and subdivided, whereby oligos with NF-I sites were designated NFc.
Plasmid construction
The human MTF-1 expression vector pC-hMTF-1 was described previously . For the VSV-tagged expression vector pC-hMTF-1-VSV, an 11-mer VSV epitope from vesicular stomatitis virus G protein (Soldati, 1991) was inserted at amino acid position 744 in the C-terminal end. Plasmids for CTF-I/NF-I expression vector pCMV5-Flag-CTF-I and pCMV-CTF-I-DUTR were a kind gift from Dr. Nicolas Mermod, University of Lausanne. The expression vector pCTF-I was described previously (Santoro et al., 1988) . Expression of both the hMTF-1-VSV and CTF-I/NF-I mRNAs is under the control of the cytomegalovirus enhancer/promoter, which allows high-level expression in many cell types. The reporter and reference plasmids 4=MREd-OVEC, mMT-I-OVEC and CMV-OVEC were previously described (Westin et al., 1987; Radtke et al., 1993) . The 4=MREz10-OVEC, 3=GTz6-OVEC, 4=MREnA-OVEC and 4=NFnB-OVEC reporter vectors were generated by cloning tandem copies of the oligonucleotides in OVEC (MREnA: 59-CGAGCTTTTGCGCA-CGGCACTAAATG-39; NFnB: 59-CGAGCTTTTGGCACCGTGCCAAATCG-39).
Cell cultures and transfection
Adenovirus-transformed human embryonal kidney 293T cells also expressing SV40 large T antigen (HEK 293T cells) and human hepatocarcinoma HepG2 cells were maintained in Dul-becco's modified Eagle's medium (DMEM; GIBCO) supplemented with 10% fetal bovine serum (ICN). Cells were transfected by the calcium phosphate technique (Graham and van der Eb, 1973) .
S1 nuclease protection assay
S1 nuclease mapping was performed as previously described (Weaver and Weissmann, 1979; Westin et al., 1987) . Ten mg of various OVEC reporter constructs and 2.5 mg of CMV-OVEC-REF as well as 5 mg of hMTF-1, Sp1 or CTF-I/NF-I expression vectors were used for transfection in 10 cm plates by calcium phosphate coprecipitation. For heavy metal induction, ZnCl 2 was added to the tissue culture medium to a final concentration of 200 mM and the plates were incubated for 2 to 4 h before harvesting. The S1 nuclease mapping gels were developed using a PhosphorImager (Molecular Dynamics, Uppsala, Sweden) and quantified using ImageQuaNT software. For the calculation of relative activity in bar diagrams, the band intensity corresponding to reporter gene expression in each lane was normalized to the band from the reference gene (CMV-REF) expression. However, in Figure 3 the cotransfection of an Sp1 transactivator boosted reference gene (CMV-REF) activity. Therefore, in lanes 5-8, 13-16, and 21-24 the reference activity from the preceding four lanes was taken instead.
Electrophoretic mobility shift assay (EMSA)
Electrophoretic mobility shift assay (EMSA) was performed as previously described by Radtke et al. (1993) . Most binding reactions were performed by incubating 2-5 pmol of w 32 Px-endlabeled, 31-base-pair-long oligonucleotides containing a synthetic MRE consensus sequence TGCACAC (MRE-s) (Radtke et al., 1993) , with nuclear extracts obtained as described previously (Schreiber et al., 1989) . Some experiments were also performed with oligonucleotides containing MREd, the strongest MRE found in the mouse metallothionein-1 promoter (Stuart et al., 1984; Westin et al., 1988) . For competition experiments, 5 pmol of unlabeled oligonucleotides were added to the reaction mixture prior to the addition of the extracts.
